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There ia & celisdte eeu for iniowemalisa on rotat- 
ing stall. AMhoogh sores investigations have bese mada on Caws 
Cauee and gual cempreasork, wary law investigations have been 
mane vith cantritagal .ampressors, ¿uxther, the praesent theory 
она его the .ausen ol rotating stall sre aiil somewhat sebu- 
lous. Täsrelore, investigations were caveied gut with a ceatril- 
ugal vares aliiaeer. 


The (low ia the ceontrifagel vanes dilicéser was otua- 
bed with baric Hiemete crystals anu tuits., Thae masa ilow, pres- 
fare, velscity, wolcity Ia. tor, anghit of attavia and Glace types sore 
varies ia the tem à«.tion is orcoer Co» obtain ak muck informative һа 
possible. 


Na rotatdeg siall «a6 encouatere- at any oi the cwad- 
on» investigati., us to the results of these experiments, it wae 
#echoes that the prenest thevry is incomplete. Aacommienced iotare 
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(1) Тае study of the flew in a centrifugal 
dbliaser with (lat platos. Lach plate 
sheuló be owt of the stalled’ region of 
a jacent plates, 


(3) The study of rotating stall ae produces 
by the Britiah in ono of the references. 


(4) Tae further stacy of the flow in a cen- 
triíugal compressor with blades of 
gentle stall characteristics, 


These investigations were accomplished by two gracu- 
ate stacents, Lt, frank T. Hemler, 0, 9. Мачу, and valvin Y. bing 
46 Massachusetts Institute oi Tecknology!'s Gas Turbine Laboratory, 
Cambridge, Massachusetts, 


Thesis Supervisor: Е. 5. Taylor 
Title: Professor of Airceait Lagines 
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INVESTIGATION OF ROTATING STALL IN A CENTRIZUGAL 


VANED SIF rUSER 


DEFINITIONS USED IK THIS THEIS: 

ROTATING STALL ~- Intermittent partial or complete stalling oí 
one or more olade passage. of a compressor wherein 
the stalles portion rotates around the wheel in a tan- 
gential direction and the flow far upstream ans (аг 


downstream of the wheel is unaffecte i. 





STALL-FLUTTER -- Self-exciteüi vibration oí blaies together with 
stall, such that there is coupling or feeuback from 
flutter to stalling anc unastalling, an. irom stalling аа? 
unstalling to flutter, 

SURGE -- An aucible pulsation of compressor pressure rise anu 
weight-flow rate, wherein the {low far óownstream anu 
far upstream oi the wheel has the same periocic pulsa- 


tions of flow as are heard at the compressor. 












: — — 
L‏ 
нау ні е‏ لیب کل سر سب سا 


СТЕ کت ما اد خو تما اف مده بدت‎ mi 
Irsa m MAR AP (wa Ow v саб і; шын 


I. INTRODUCTION 


Recent investigations have shown that malíunctioning 
and structural failure of compressors, formerly attributed to stall- 
flutter ani surge, have indee. been cause by rotating stall. 

Stall -flutter has been investigates by Sisto, Bet, 1 
and Schnittger, Ref. 2. More recently, Emmons in Rei. 3 has in- 
vestigated compressor surge an: stall phenomena, Huppert and 
Benser in Rei. 4 show the results of studying rotating stall in an 
axial -ompressor. 

The more recent investigations have shown that some 
compressor acceleration difficulties are attributable to rotating 
stall. ¿ven = important, blade failures and complete struc- 
tural failures have resulteu from rotating stall. 

It is imperative, thereíore, to know when, where, 
and uncer what conditions rotating stall will occur. 

Present knowledge of rotating stall consists of: 

(1) Its definition. 

(2) Observed tests in cascades and axial com- 
pressors -- both single an: multi-staged. 

(3) The not disproven theory that rotating 
stali is iue to inertia effects cf air flow 


in the passages and a time lag from 





ішіп دید‎ ай Л ”””Т1Т 
مت می‎ цыт اتوه اسان‎ ке ғы سه‎ 
—— —" —M èi 
7 m M 
seper- ilum سه‎ сірі» سخ‎ Pi 
A бю зз (6) 
oul ele ie eG eared hen 





-— 4 v) e » &o» bpesshs vhi ul 


blale stall until the upstream fluid feels 
the effect of that stall. 

There is a dearth of material regarding rotating 
stall in centrifugal machines, although the Britich report one in- 
stance of itin Ref. 5. In an effort to accurnulate evidence for 
more analytical studies, the flow through a centrifugal vaned dif- 
fuser was observed in this study. Conditions of angle-oí-attack, 
mass flow, pressure in the passages, velocity, solicity factor and 
blade types were varies during this investigation. 

The broac purposes gi this thesio are two -£oli: 

(1) To veriiy or nulllíy present theory as to 
the nature oi rotating stall by ihe яїшсу ог 
„entriiugal ílow and euosequent compari- 
sou with axial flow and cas ade sata. 

2) Ta prepare the grouncwork ісу suture 
апау. 21 ог laboratory studias of the 
phenomena, anu to Lidi, ia tàs iesires 
Jire. ties for ese future luvectigations, 
by & .uculatlos of „ats .on.eroing rotat- 


In, stall. 


This investigation was a_complishe. by two postgraiu- 


ate students at M.1.T.: Lt. Frank T. Hemler, U, 5. Navy, 
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Сае Turbine Lavoratury sa. M.1.T. helped the authors tremen- 
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1, ECUIPMENT 


The Centrifugal ۸٤) Diffuser 


The major component uaed in these testa was a cen- 
trifugal vened chifueer, This type of «iliuser was stullec rather 
than & cascaie in order to allow the flow to reenter upon itself. 
Further, a cascade study would not maintain the desired conii- 
tions long enough for full investigation. The exterior ol the set- 
чр aa used in ۸۰1, 1۰ ۲۵ Gas Turbine Laboratory is shown la Figs. 
1 ал2 2. 

Construction details of the centrifugal diffuser used 
can be found im Appendix A. Аз can be seen in Appendix А ааз 
Fig. l, it ia possible to vary the angle of flow. 

The angle oí flow as used in this report is that angle 
measured between the ilow and a tangent to the inlet circle oí the 
diffuser section. Rotation zf the ncs.le blades varies the depart- 
ing flow angle from ten degrees to twenty degrees, as shown in 
Fig. 3. Thia variation allows diferent angles of attack for the 
stationary test blades. 

The test blades are permanently in place when once 
inserted in the blade ring, Appendix A ani Figs. 4 ani 5, show 
that the entire blade ring with blades installed can be removed 


from the test rig. Fige. 9, 7, and ê show the blaies that were 
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6 
used in the experiments covered by thie report. The blades them- 
selves are discussed later in this section, The blaJes shown in 
Fig. 5 were milled out sf a solid aluminum ring. They are inte- 
eral with the blaie ring. Tbe 5laies shown in Figs. 7 and 8 were 
rmechine.i incivisually. After making the blade forma, two holes 
were drilled in the sides, Pins of 429 drill roc were Änserte: into 
these holes with a press fit. This left the blades with two pins 
projecting from the sides, 85 shows in Figs. 7 and ۰ 

Another bla:e ring was maie out of steel. Holes 
wers rille: ints the steel 5!à '* ring to match the proje-ting pins 
of the bleies. In thie manner, the bletes could be inserted anu 
removed at will, but a press fit insurez against acci :ental re- 
moval, Also, as tbe test section із brought up (lush with the 
cover plate as ез. тірей ів Appenlix A, no flutter of the blades is 
possible. The cover plate and test section (Масея) аге held te- 
gether by the force of the thrust nut, 

The angle of attz.k of the bises shown in Pig. 7 anc 
the angle of Inc lienoe of tbe blades showa in Ріс. В, wae (4,1 aná 
5 i¢grees, reape. tively. These angles were incorporated im the 
glade cing. The flow angie and the angle of atta :k (or angle of 


incisen ¢} were alditive as shown in Appeniix B. 
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Three sifferent sets of bla^es were used. Lhe first 
set use.) was the one shown in Fig. o. Shape vetails of this set of 
blades can be founi in Fig. Y. These blades are usei in the Gen- 
eral Zlectrzric C-l4 diffuser. The second set of blacea were blades 
of the form NACA 55 -(12) 19 transformed from rectangular cascane 
form to 3 .ir-ular diituser cae ade. Fig. 7 shows the transiorme. 
olaies. Appendix B shows how the rc.tangular cas:ace was trans - 
lormeú into the circular difiuser by means of conformal transfor - 
mation. Bei. 5 gives a development of the metho: ani equations 
used in this conformal transiormation. The third set of blades 
were flat plates as shown in Fig. 3. These ilat plates were milled 


with all edges sharp. 


The Gas Turbine Laboratory ani facilities 

The Gas Turbine Laboratory is an integral part of 
Mel. T., situated on ita campus in Cambridge, Massachusetts. 
One part of this laboratory's equipment is a Ve Lavai Air Com- 
presser made by the De Laval Steam Turbine Co., Trenton, N.J. 
This compressor is run by a General Electric а.с. motar, The 
compressor is rated at 15, 500 cuft per minute aia harge, 5.33 
psia suction pressure, نا‎ psia discharge pressure, 700 brake 
horsepower, at a compressor єрсел ої 4060 ДАРЫ. Fig. lois a 


line diagram of the test set-up, showing necessary valves, gauges 
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6 
and piping. Lines to and from other equipment serve sucb things as 
a small supersonic tunnel, etc. These other pieces of equipment 
were isolated for any run. Gauges and lines necessary to run the 
compressor, but unimportant to the experimenter are not shown 
in fig, 16. Gauges shown are total temperature and total pressure 


gauges. Lines to ani from the test diffuser are eight inch pipes. 


Instrumentation арі Beading of the Test Set-up 

From the readings of RPM, pressures, and temper- 
atures, it was possible to compute the operating point on the com- 
pressor map shown in Fig. il, Fig. ll also shows how to compute 
the factors necessary to establish that point. The mass flow and 
the velocity at any point in the test set-up could be cornputec. 

lt was necessary to: (1) distinguish between surge 
and rotating stall, (2) establish the speed of rotation, if rotating 
etall occurred, (3) establish the sive of the rotating stalled re- 
gion and (4) establish the number of stalled regions around the 
diffuser perimeter. it was also desirable to look at the flow in 
the channels in order to obtain some icea of what was happening 
and where. 

The authors decided to meet the first three problems 
by using barium titanate crystals spaced at angles oí G, 72.5, and 


180 degrees. These angles were chosen to give positive 
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itentification of the estalle? regions, Racially, the crystals were 
placed at £.5 inches, This distance put the crystals in dleje 
passages near the upstream end of thorc passages. It also en- 
abled the crystals, which are one-half inch in diameter, to be 
placed so that no blade touched the crystals. 

Sorae testo made on the crystals by the authors are 
included in Appendix C. There test results showed the suitability 
of the crystels for theee experiments. The crystals were pressed 
into brass plugs of three-quarter inch outeice cdiemeter, which, in 
turn, were centered at the positions already indicated. Shielded 
leads went from the crystals to a RCA Cathode Ray Oscilloscope 
No. 160-8, The leads were run in parallel. The leads from the 
crystal at the 72.5 degree ро {Мой were reversed in polarity for 
{further identification. Of the first three proklems: previously out- 
linea, the set-up as state! clMminated those problems zs follows: 

(1) Rotating stall woul! appear zs shown in 
Fig. la, while aurze would appear as in 
Fig. 125. In other words, surge would 
ozcur at even intervals, while rotating 
stall would be zt aneven intezvala, due 
tc tke arrangement of the crystals. 


(2) Regarding the speed of the stalled re- 
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10 
gion -- should rotating stall be encoun- 
tered, it would be only necessary to im- 
pose a known frequency on the oscille- 
scope, and measure the ratio between 
the known and unknown. Then, knowing 
the geometry, the speed could be de- 
terminei, 

(3) The size of the stalled region can be 
measured from the elapsed time for the 
stalled region to pass one crystal, The 
time would be measured by comparison 
with a known frequency. 

In order to solve problem (4) and to observe the flow, 

а 2 1/2 inch diameter observation plate was made of plexiglass. 
This plate was pierced eccentrically with a wife whick held many 
strings to be used as tufts. The observation plate is shown in 
Fig. 13. A matching hole was drilled in the front cover plate into 
which the observation plate fitted. Fig. l shows the observation 
plate in place, held by a shoulder of the plate and two brackets. 
The eccentricity of the tufts allowed them to be rotated, while the 
blades and back plate could be loosened and rotated. These two 


variables allowed the whole field of the vaneless diffuser to be 
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11 
observed. Problem (4) weas solve: for alow speed rotation by ob- 
serving the tufts and for high speed rotation by angularity relations 


of the crystals and a known frequency. 


HI. PROCEDURE 


During the courae of these investigations, the 
crystals were polarized twice as described in Appendix C. This 
was done to keep the crystals accurate and reliable, Six crystals 
were polaeri-edá an3 three cryatala were selecteá by testing on the 
oscilloscope for equal deflections from a constant tone. The se- 
lected 2ryatals were placed in the brass plugs, Ans mounted in the 
front plate. An ohmmeter was then nsed on each of the loads to 
ascertain that thers were no shorts and no leads were grounded. 
The leads were hookei to the oécillos-ope as shown in Fig. І апа 
again checked with an ohmmeter, 

The test rig was assembled as shown in Appendix A. 
The tufts were inserted as shown in Fig. i. A final check with the 
ohmmeter on the crystal leads was then made. Prior to each run 
the local temperature and barometric pressure were recorded. 
During Each Run 

Alter opening the outlet and inlet valves of the teet 


rig, the laboratory mechanic brought the De Laval air compressor 
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12 
up to the desired operating point. (hilos desired operating poiat 
wae obtained as follows: 

(1) The .o:npressor wàé brought tu sn Zl M 
thoryhi to be coi rect. 

(2) Closing of the aticospheric inlet valve 
isolate the sysiém. 

(2) Besäings of ءه لاه‎ Т,, алс АРМ меге 
taken. 

(4) As showa in Appendix 0, the actual 
operating point on the compressor map 
was then calculated. 

(9) From the actual operaling poiat, adjuat- 
zanta were made te the АР ава by- 
pase valve until line 244126: орєсгайлд 
point was outainec. This was uane by 
trial and erros, calculating гаса iater- 
wie Hate operating point аз sica. -atate 
conditions wars attains i. 

This desirec point was ¿bosen from the sampi assor characteristics 
map. The flow angle desired vas set at the test rig. 
The above conditions were held while the oc.illoscope 


was surveyed frorz five to Sve thoasan. cy les. Theu the passages 
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3 
were surveyed with the tufts in the observation plate. 

Maintaining the same operating point on the com- 
pressor map, a different flow angle was selected. Again, survey 
of the oscilloscope ranges and a survey at the blade passages with 
the tufts were made, The same procedure was carried out until 
all the desired flow angles were checked, At this point, another 
operating point on the compressor map was chosen. The same 
procedure outlined above was carried out for the new operating 
point. The above procedure was repeated until all the desired 
operating pointe were checked with each set oí blades. 

In order to check on the solidity factor, the runs 
made with 360 of the NACA blades were repeated with every other 
blade removed, 

Aiter each run, when the compressor was shut down, 
the crystal leads were checked with the ohmmeter for continuity, 
gach crystal was individually checked to make certain it was still 
operating correctly. 

The order of blades used was: 

(1) C-14 blades -- Fig. 6 

(2) NACA blades -- Fig. 7 

(3) Flat plates -- Fig. 8 


Generally speaking, for each set of blades, the 
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same points on the compressor map were investigated. Table I 


lists the operating pointe used. Slight variations from these 


pointe occurred for two reasons; 


(1) 


(2) 


As the noz.le blades were opened or 
closed, the mass flow was altered 
slightly. This altered the pressure 

ratio and mass flow factor. Checking 

on the operating points when the пог Де 
blades went from full opened to full 
closed altered the operating point so 
little that the change could not be plotted, 
It was very hard to obtain the exact same 
point in two different runs with the air 
compressor, Arbitrarily, it was се- 
cided that a variation of 0. 025 in the 
mass flow factor and 0,05 ía the pressure 
ratio, on the compressor map, would be 


considered the sarne point. 


For each operating point, the ílow angles set were 


10, 15, and 20 degrees. 


Three "auxiliary" runs were made, One run con- 


sisted of finding what occurred when a blade was set over one of 
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15 
the crystals. The blades were placed over the crystals and the 
oscilloscope patterna were compared with the previous patterns 
when the crystals were in the passage. The second "auxiliar y” 
run consisted of inveatigating the diffuser when the air compressor 
was surging. This operating point is point number nine of Table I. 
The third "auxiliary" run was made from operating point number 
4, with the NACA blades. After the routine aurveys, the exhaust 
valve from the test rig was closed down until the main alr com- 
pressor surged. A survey was then made with the tufts and 
oscilloscope. 

The original procedural plan of the authors' was to 
accomplish what is outlined above, until rotating stall was encoun- 
tered. As soon as rotating stall was encountered further testing 
would be in the region of the rotating stall. This investigation 
would include pictures of the oscilloscope, patterns and tape re- 


cordings of any unusual sounds, in addition to that outlined above. 
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IV. RESULTS AND DISCUSSION 


Table I shows the nine operating points that were 


used. Placing these points on the compressor map, Fig. ll, shows 


that the points were chosen for the following reasons: 


(1) 


(2) 


Points 1, 2, 3, 4, 6, and 7 are just in- 
side the surge line. This gave the maxi- 
mum usable pressure ratio range from 
the air compressor. 

Points 5 and 8 were chosen to see if there 
were any peculiarity of upstream flow. 
The oscilloscope patterns and tuíts 

would then indicate unusual conditions 

or possibly rotating stall In picking 

the points 5 and 8, it was appreciated 
that only the pressure ratio sbould effect 
the test set-up. This is because the 
guide vanes choked with high mass flow. 
This necessitated opening the by-pass 
valve shown in Fig. 10 in order to attain 
points 5 and 8, In effect, the compressor 
operated at points 5 and 8, but the test 


section operated at the same pressure 
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17 
and à lewer mass flow. 
(3) Point 9 was chosen to investigate condi- 
tions during mila surge of the compressor. 

Appendix D shows the calculations necessary to 46- 
termine an operating point. 

THERE WAS NO INDICATION OF ROTATING STALL 
AT ANY OF THE CONDITIONS INVESTIGATED, 

Stall-flutter was effectively eliminated by the press 
fit of the blades into the blade rings on ons eige, and by the force 
of the cover plate on the other eüge. This syatem held the blades 
firmly along both edges, as shown in Appendix A, 

Oscilloscope indications consisted mainly of random 
noise, At approximately 4,200 cycles à wave of sinusoidal form 
was noted, This wave form was present at every condition inves- 
tigated, It was not the RPM of the compressor, since this varied. 
This sine wave was probably caused by à whistle in the piping. 
Because of the sinusoidal form, it was concluded that this wave 
had no bearing on surge or rotating stall. 

Occasionally higher amplitude blips were noted. 
These were infrequent and had no recurrent pattern. 

As shown In Sketch l, the C-14 blades gave tuít in- 


dications of atalled and unstalle:t blades as the angle of flow was 
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SKETCH | 


varied from {0 to 20 degrees, respectively. The flow angle was 


shifted very slowly so that all blades went from the unetalied to 
the stalled condition. Nothing unusual occurred. The transition 
was quick and positive, regardless of how slowly the angle of 
flow waa altered. While the blades were unstalled, but close to 
the stalling flow angle (approximately fiiteen degrees), a brass 
rod was inserted into the downstream flow of the no::le blades. 
it was hoped that the wake effect would stall one or more pass- 


ages and that rotating stall would occur. it cidn’t. 


із 
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During the tests with the NACA 65-(12) 10 blades, the 
separation point remained very close to l 1/2 inch from the trail- 
ing edge. It moved forward slightly at a flow angle of 10 degrees, 
but no more than 1/4 of an inch, It moved back a like amount at 
20 degrees flow angle. This movement decreased to an impercep- 
tibie amount at low mass flows. 

The blasie passages were never completely turbulent 
with the NACA 65-(12) 10 blades installed. 

When the solidity factor was varied by reducing the 
number of blades from 34 to 18, there was no change in any of the 
foregoing results. 

With the flat plate installation, (even with 16 plates), 
the passages were turbulent all the time. This is attributable to 
the following sequence of facte: 

(1) The sharp leading edges made the separa- 
tion point occur near the leading edge. 

(2) The ¿low angle was effectively 10 to 20 
degrees. 

(3) (1) and (2) put each succeeding blade in 
the stalled region of the blade ahead of 
it. 


(4) Zach blade and passage then became 
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20 
íully turbulent. 
With the flat plates installed, at low mass flow, the 
tufts indicated turbulent flow on the pressure side of the blaze, as 


shown in Sketch 2. 


FLOW ANGLE-10° 


STALL — 7 


ТОРТ INDICATIONS-FLAT PLATES 
SKETCH 2 





Thie occurred at a flow angle of ten degrees. This phenomenon 
occurred only once and could not be repeated. No explanation is 
offered for ics occurrence. 

The C-14 blades were picked ior these experiments 


for two major reasons, First, they are in use commercially. 
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21 
Secondly, they were available at the beginning of these tests, 
which meant that the test set-up could be checked quickly as to its 
adequacy for this investigation. In adiition, resulte ví C-14 blade 
runs would give some clue as to the trend of experimenta to be 
followed in the fature. 

Upon completion of the investigation of the C-14 
blades, it was decided to try a NACA 65-(12) 10 blade, This blade 
reputedly had a gentle (-* curve near the stall point, as shown in 
Fig. Ма. This decision involved the present theory of rotating 
stall as explained in Refs. 3 and 4. For clarification, a quick re- 
view of that theory is presented here. 

A rectangular cascade is formed as shown in Fig. 15. 
Assume an angle of attack, as shown, which is just below stalling; 
í.e., any increase in angle of attack will cause stalling. Further 
assume some small perturbation causes a transitory increase in 
the angle of attack of blade number 2. This causes blade 2 to 
stall. This stalling causes more low energy air in the passage. 
The high energy air now has less area to pass through. This 
partial blocking of passage 5 causes upstream air to be diverted 
(о blade passages Aand ©, There is a time lag from the time the 
blade stalls until the upstream air feels this stall. The diversion 


oí upstream air causes the angle of attack on blade number 3 to 
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2l 
Secondly, they were available at the beginning of these tests, 
which meant that the test set-up could be checked quickly as to its 
adequacy for this investigation. In addition, results of C-l4 blace 
runs would give some clue as to the trend of experiments to be 
followed in the fature. 

Upon completion of the investigation of the C-14 
blades, it was decided te try a NACA 65-(12) 10 blade, This blade 
reputedly had a gentle (-% curve near the stall point, as shown in 
Fig. Ma. This decision involvec the present theory of rotating 
stall as explained in Refs. 3 ani4. For clarification, a quick re- 
view of that theory is presented here. 

A rectangular cascade is formed as shown in Fig. 15. 
Assume an angle of attack, as shown, which is just below stalling; 
i.e., any increase in angle of attack will cause stalling. Further 
assume some small perturbation causes a transitory increase in 
the angle of attack of blade number 2. This causes blade 2 to 
stall, This stalling causes more low energy air ín the passage. 
The high energy air now has less area to pass through, This 
partial blocking of passage D causes upstream air {о هنا‎ ۵ 
to blade passages A and C. There is a time lag from the time the 
blade stalls until the upstream air feels this stall. The diversion 


of upstream air causes the angle of attack on blade number 3 to 
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increase and on blade number lto decrease, This in turn will 
cause blade 3 to stall, while blade Lis further away from the stall 
point. As passage C now diverts air to passages Ë and D, blade 
2 tends to unstall and blade 4 to stall. Therefore, thís stall can 
be seen to be progressing upward. 

With rotating compressors, the motion of the wheel 
іп Гіс. 15 would be down, Recent experiments have shown the 
speed of rotating stall to be about 1/2 the wheel speed in the direc- 
tion oí rotation, The vectors of Fig, l5 represent this condition. 

Going back te the gentle Ç-x curve oí the МАСА 
blades, it was reasoned that the best chance of floating back and 
iorth between stalling and unstalling would occur when very small 
changes in lift produced a substantial change in the angle of attack. 
In other words, a small change in energy produced comparatively 
Бір changes in angle of attack. Data published by the NACA is 
readily available on many airfoils., Of these airfoila, the NACA 
65-(12) 10 has a very gentle G-« curve, 

Since the results of the NACA blades showed no ro- 
tating stall, it was decided to go te the opposite extreme, Con- 
sequently, flat plates were the next forms tried, These flat 
plates have г (сс curve something like Fig. Mb. Although 


separation occurred at the leading edge cn the flat plates anc the 
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23 
whole passage маг turbulert, ro rotating stall was found, 

Why was no rotating stall found at any time? 

The present theory of rotating stall mentions inertia 
and time lag, Since these two phenomena are both inherent and 
unavoidable, they were present in this test section. The flat 
plates were stalled with the flew in the paasages turbulent at every 
operating condition. The NACA blades cid stall, but the flow in 
the passages was mostly laminar. The C-l4 blades reacted in 
ooth of these ways, but uncer ¿different conditions. With a flow 
angie of ten degreas, the C-14 bindes were stalled and the pass- 
ages turbulent. With a flow angle of twenty degrees, the C-l4 
blades were stalled with a negative angle of attack. Any condition, 
in between these extremes could be obtained by varying the flow 
angle. Laminar flow could be obtained between the extremes. 
Atterapts to instigate a rotating stall were mace by changing the 
amass flow, velocity, pressure, blade form, solicity factor, sepa- 
ration point and wake effects. 

Coula the failure to fin rotating stall be caused by 
poor instrumentation? The crystals were checked before and 
after each major run; at no time was there any trouble with them. 
No shorts, No grounds. No broken leads. The crystals picked 


up a constant tone alter the runs as well az before, With no 
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24 
external amplifier, an approximate sine wave and random noise 
were obtained. With the same gain, the deflection produced by 
the random noise was greater than the deflection produces by a 
human being holding the leads. The deflections caused by the 
human being were 60 cycles, although he was not in immediate 
comtact with any source of power. 

Concerning the run, described in the Procedure, 
which was mage with the blades placed upon the crystals, there 
was no noticeable change in the oscilloscope patterns. If anything 
occurred, it was merely à rounding of the highest deflections. 
When a blade was centered directly over a crystal, the crystal 
was still partially in the passage, It was concluded that partial 
covering of the crystals had negligible reeults on the oscilloscope 
patterns. 

When the exhaust valve was closec slowly, the only 
effect was to increase the compressor's pressure ratio until it 
surged. Nothing unusual occurred to the oscilloscope patterns 
or te the tufts. 

The tufts gave every indication that was expected oí 
thers including the surge of the air compressor. (This surge was 
very low in frequency, approximately 11/2 cycles per second. ) 


Therefore, the Authors don't believe it waz 
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25 
instrumentation. 

If the foregoing is true -- and the authors sincerely 
believe itis -- then the answer must be sought elsewhere, 

Analytically, there may be a lack or error in the 
theory. The authers don't believe there is anything wrong with 
the theory as far as it goes, but there is more to the theory than 
has been expounded. It has been suggested that the dynamics of 
rotation must enter. This is disqualified quickly by the British 
in Ref, 5, wherein rotating stall was obtained in a stationary 
diffuser, 

It appears that the phenomenon of rotating stall has 
the attributes of a self-excited but damped vibration of classical 
mechanics, The energy source is preaent in the air stream. By 
analogy, the air contains the damping force and the spring force. 
The authors think that the unstable region of a gentle G-« curve 
as shown in Fig. Ma would assist in starting rotating stall, A 
decrease in the effective damping force would occur since there 
` would be little energy dissipated by the damping force until the 
stalled region had grown, 

There must be some instability connected with ro- 
tating stall. Anything to increase that instability should aid in 


starting rotating stall, 
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И has been atated that the variables investigated by 
the authors were mass flew, velocity, pressure, solidity factor, 
angle of attack and blade form. These variablas were not all al- 
tered individually; i.e., mass flow was varied, but other para- 
meters such as velocity and pressure changed at the same time. 
This procedure was followed for two reasons: 

(1) Time Umitations prevented the altering 
of individual factore, if the entire field 
was to be surveyed, 

(2) By accomplishing the outlined variations, 
it was hoped that the magic factor or 
combination of factors would be Jiscov- 
егес. Then further investigation of this 
factor or group of factors could be under- 
taken, 

The very method used suggests that the problem of 
rotating stall may be amenable to dimensional analysis. By 
Buckingharn's method, the parametere veed by the authors could 
be non- dimensional :ed, (The blade form parameter should be 
enlarge: to include length, thickress, ¢-~ curves, and size and 
length of the passage between blader.) Py experimentation, the 


uaimportant non-dimensional factors could be eliminated. 
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Further experiments on important factors could them proceed 


more successfully. 


Empirically, itis believes that there are two ex- 


cellent channels open for further investigation: 


(1) 


(2) 


Make new guide vanes for this set-up. 
These new guide vanes are to increase 
the flow angle. Then by putting flat 
plates in the diffuser at the proper in- 
cidence angle, the leading edge of one 
plate would be out of the stalled region 
of the preceding plate, This study would 
show a better comparison between the 
two G-Y curves, as discussed above, 
Last -- and most important! Set up the 
conditions encountered in Ref. 5, where- 
in a rotating stall was inadvertently pro- 
duced and was not further investigated. 
Since this was a centrifugal diffuser, 
much valuable information should be ob- 
tainable from such a study, especially 
when compared with other present day 


experiments, 
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V. CONCLUSIONS AMO &cColimiiDATLlON2 


No rotating stall was encountered at any of the con- 
ditions investigated. These conditions included varying pressure, 
mass flow, velocity, blade form, solidity factor and angle oí 
attack. The failure to produce rotating stall lies not in the set-up, 
but rather in a lack of some factor in the present theory. The 
lacking factor is not the dynamics of rotation. 

The lack may be that a larger unstable operating re- 
gion of the effective ¢-< curve is needed, An analogy along this 
line can be made with selí-excited vibrations in classical mechan- 
ics. 

A strong recommendation is made by the authors to 
apply the methods of Buckingham's dimensional analysis to the 
problem of rotating stall. 

Two experimental fields for further study should be: 

(1) Increase the cascade flow angle when the 
flat plates are used, This will make the 
stalled region of one blade miss the lead- 
ing edge of the adjacent blade. 

(2) Reproduce and study the rotating stall 
produced in a stationary diffuser by the 


British in Ref. 5, 
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Appendix A 
DETAILS OF THE DIFFUSER TEST SECTION 


The diffuser test section is mounted in a collector 
maniíoli as shown in Fig. l of the thesis. It is supported by the 
cover plate and the inlet guide vanes as shown in Fig. A-l, of 
thie Appendix. 

To disassemble the test section the following steps 
are required: 

)۱( Remove the gearing mechanism as 
shown in Fig. А-1, 

(2) Remove the holá-down lugs around the 
cover plate. 

(3) Remove the cover plate. 

(4) Remove the test section. 

To remove the blade ring, turn the test section to a 
vertical position. Located on the back of the section are allenhead 
acrews which hold the blade ring to the test section. After remov- 
ing the screwa, the blade ring can be forced pat by inserting a 
árift into the screw holes. To assemble ani remount the test sec- 
tion, the reverse of the above procedure is followes., 

In order to rotate the test section the following 


procedure should be performed: 
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(1) 


(2) 


(3) 


47 
Turn tha bronse thruet nut on the gearing 
mechanism clockwise to relessc the test 
section from the tover plate, ра та 
Turn the crank, lecated on the gearing | 
mechanism as shown in Fiz. A-L This 
wAU tarn the test section te any desired 
Te lock the rest section in the desirei 
postition, turn tae bron e thrnat nut coanter- 
clockwise until the test section is flush 
areinst the cover plate. This anchors the 
blades firmly, preventing flutter. | 


In orier te change the angle of flow it ia naceasary to 


rotate the noile blaten, 


(1) 


(2) 


Thie is accomplishe! as follows: 

Poughly align the no..le blade angle inai- 
cating marks, located on the back of the 
test section, with the scribo line on the 
upper window of the two plexiglass win- 
dows, These windows are located on the 
back of the cellector manifold, as shown 
in Fig. 2 of the thesis. 


Lock the nor te blade tarnieg ring. This 
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4t 
is ¿one оу mrming the roun. -beas s rew, 
(lo ated in one of the plexiglas: mounting 
screw holes), into a hole that shoulda Le 
almost in line with the screw, The test 
section may have to be move. slightly to 
insert the screw properly. 
(3) To rotate the nosile blades turn the gear- 
- я 


r^ 





inc mechanism locate. on the cover 
plate. By aligning the indicating marks 
the (low angle is و‎ A The mid- 


pum en 


t position 20 degrees 
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Appendix B 
CONFORMAL TRANSFORMATION OF NACA 65-(12) 10 BLADES 


Ref, S of the thesis gives the background, theory, 
and development of conformal transformation as applied to cas- 
cades, This Appendix will show the step by step process oí the 
conformal transformation, by means of a sample calculation. The 
point chosen іэ the 50% chord station of the upper surface. 

NACA Report 824 by Abbott and Von Doenhofi gives 
the coordinates of the camber Une and standard thickness form ior 
this bleie, The upper surface, 50% chord position is found by acd- 
ing the mean camber ordinate, 6.518, to the basic thickness, 4,812, 
at this point. The result is that the ordinate is 11.43 at station 50, 
both numbers in per cent chord. Fig. B-la of this Appendix shows 
this point plotted or the x' -y' axes, These x' - y' axes are at a 
14,1 degree angle of attack, The reneon for this angle of attack is 
discussed in the thesis proper. ` 

In order to use the conformal transformation for - 
niulae as developed in Ref. 5, it is necessary to obtain the coordi- 
nates of all points referred to the x+y axes of Fig. B-la. From 


Fig. B-la it can be sees that: 
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x-x'cos«- y' sin« 
y = y' cosx -x' віва 
Applying these equations to the point being consicered, 
shows that: 
x = (56. 005) (cos 14. 19)-- (11, 430) (sin 14.19) 
= 51. 27812 
y z (M. 430) (cos 14. 19)- (50. 060) (sin 14. 19) 
< ۰1, 60 
for the conformal transformation from rectangular 
coordinates to circular coordinates such as Fig. B-Ib, the author 


of Ref. 5, on page 10, arrives at the icllowing equations: 
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where: г, с final radius 
¿ xr, = initial radius 
- | 2.71828 ۰ 


m - tam 7 


x, y =- rectangular coordinates 
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circular coordinate (radians) 
کر‎ &ngle of logarithmic spiral with 
/ ٠ tangential dire<tion. 


/” in the present case is 15°, while r,-8.l inches, 
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Then Knowing i = 5.26795, ang avt+ i =k. vibov, 
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1,17283 = г 
ur at station 102, 
1) К(сав-у) = 0.17975 


The values oí x and y wt station lov are foume in the same way as 
x and y for the 50% chord station. When the station 10. values of 
ҳ алі у are substitateod into equation 1}, the result ia a factor, K, 
mecded for the racial stan. іәдігеі. All valucé oi x and y are 
tren multiplie: oy this (actor Qertore substilation inatu equationa 1) 


and 2). This factor, K, turned out to be 0. 00539152. 


Then for the 597: upper chord station, 
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BARIUM TITANATE CRYSTALS 


There was insufficient literatura available to learn 
the capabilities and Umitations of the barium titanate crystals 
which were available, In order to learn these capabilities and 
limiteticas, some experiments were undertaken, 

me crystal vas hooked to an oscilloscope. A quiuk 
check skowe? that the ^rysts! was responsive to whistlei cr spcken 
noise, hut insensitive t^ stea/y blowing, A variable spes: elec- 
tei. moto? was fitte wich а stiff piece of cariboard,. This card- 
beard wes circuler with n ratíva of seven inches. It had a one inch 
slol “at in one side, By pleciog a fan on one side of the <arcboard 
апі the .*98tel on the other, the range of sensitive frequencies of 
the crystals -0ul! be found, The speed of the cardboard disc was 
varie’, The bottom frequency of response readable on the oscilio- 
scope was approximately five cycles per second. Using musical 
tones, the <rvstals respomdei to 5005 cycles, and apparently would 
respond to higher frequencies. 

Pespaonse ta musical tones wae sufficient proof that 
the crystals would respond to the charges in pressure іце to stall, 


if that stall occurre”’ faster than five cycles per seceni. Since 
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Steady pressure meassorevoth5ts were not cecirel, but pressure 
fluctuations were, it vas je-iiea3 that these crystals would serve 
the thesis experiments very well, 

After two months of use, sore of the crystaia started 
to lose their polari»atton, Repolarization of the crystals consis- 
ted of establishing IO volta D, C. opposite polarity оп each of the 
two leads, with 2 grownd on the brass clip. The <rystals were then 
heated to 268 deyrees “"ahrenbeit, һем there for fliteen minutes 
and then allowed to cool slowly with the voltage still applied, 

Close calibration of the crystals ia very difficult. 

Tor that reaeon, they are poor for quantitative measurements, له‎ 
though fer mualitative cressure fPctuation measurements they are 
suitable, Because of their sensitivity, the cryetats must be 
shielée4 and mounted securely in the teat set-up. 

Tests were made with the crystals in perallel ama it 
was seen that there was no feadhack clecernible. Since the 
crystals could be selected for nearly the same sensitivity, when 
put in parallel, simultanenus pressure fluctuations on more than 
one crystal dij nat a?) on the oscillertope., This is because the 
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pene № 
OPERATING POINT CALCULATIONS 


This prae iure wae followed in determining ard 
setting an :perating point. Equations to be used are found con 


Fig. Mol the thesis, They are repeated here fer convenience: 


= = ба». 
ч Por > 


Te "aii x Ap D 


/ 
Tbe date ef the selected run was May 12, 1954. The 


operRtine polrt ^epire/ 18 number 4 of Table I of the thesis -- 


P = 2,20; 75, - 0.418; MEF = 9,300, Barometric pressure wav 


€ 

30,27 inches of mereurv, or 14.83 psia, Recom temperature was 

14%. The readings teken wera P (gage), P (gage). Te ent RPM. 
Following the method outlined in the Procedure Sec- 

tion, the compressor was brought up to 30009 RPM. The atmos- 

pheri. inlet valve to the tunnel war closed, E 


When steacy-state coniitione were attained, the fol- 


lowing readinys were taken: 


КРМ = 5000. = -7.3 рер. Р = -б.8 рвіц, T,, = 65°F 
Pp. баз _ 
ай 7-7 пас ай 


Toga, 2.67 هرر‎ (Beco) = 8,350 
š Мес е 


at thie point, MEF = 0. 216 
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Ае Р and ll... were low, the RPM was raised. As 
the RPM was increasing, the compressor started to surge. This 
surging necessitate’ opening the by-pass valve to keep the actual 
operating point below the surge line. Conditions steadied aown at 
3550 RPM. Then the following readings were taken: 


RPM -3550, P_- 3.3 psig, Р = -6.7? psig. T,, = 06°F 
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P - 14.9 +3.3 
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Therefore, MFF =0,295 
These values oí pressure ratio and mass [low factor 
were close enough to the desired operating point, to be within the 
arbitrary limits set in the thesis, These arbitrary limits were: 
Pressure ratio 20.05 
Meas Flow Factor =0, 025 
Conditions at the compresser control boars were held 
at the sesirei operating point while a survey was made at the test 


section, 
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